Abstract. Thin films of phenylphosphine oxide-containing polymers were exposed to low Earth orbit aboard a space shuttle flight (STS-85) as part of flight experiment designated Evaluation of Space Environment and Effects on Materials (ESEM). This flight experiment was a cooperative effort between the NASA Langley Research Center (LaRC) and the National Space Development Agency of Japan (NASDA). The thin-film samples described herein were part of an atomic oxygen exposure (AOE) experiment and were exposed to primarily atomic oxygen (∼1×10 19 atoms cm −2 ). The thin-film samples consisted of three phosphine oxide-containing polymers (arylene ether, benzimidazole and imide). Based on post-flight analyses using atomic force microscopy, x-ray photo-electron spectroscopy and weight loss data, it was found that the exposure of these materials to atomic oxygen (AO) produces a phosphorus oxide layer on the surface of the samples. Earlier work has shown that this layer provides a barrier towards further attack by AO. Consequently, these materials do not exhibit linear erosion rates which is in contrast with most organic polymers. Qualitatively, the results obtained from these analyses compare favourably with those obtained from samples exposed to AO and/or an oxygen plasma in ground-based exposure experiments. The results of the low Earth orbit AO exposure on these materials will be compared with those of ground-based exposure to AO.
Introduction
The Evaluation of Space Environment and Effects on Materials (ESEM) project, an element of the NASA Space Environments and Effects (SEE) programme, is a cooperative effort between the NASA Langley Research Center (LaRC) and the National Space Development Agency of Japan (NASDA). The ESEM experiments are focused on cosmic dust collection and studies of atomic oxygen (AO) effects on materials and space contamination. A portion of this flight experiment, designated the Atomic Oxygen Exposure (AOE) experiment, exposed samples to, primarily, AO (∼1 × 10 19 atoms cm −2 ). The objective of the AOE experiment, which was flown in August 1997 aboard the space shuttle Discovery (STS-85), was to expose material samples to low Earth orbit (LEO) AO and return them to Earth for subsequent characterization and assessment of short-term AO induced effects on select material properties. The material samples discussed herein consist of a colourless poly(arylene ether), designated as COR ‡, a poly(arylene ether benzimidazole), designated as TOR ‡ which was used as a coating over Kapton ® HN and a low-colour polyimide, designated as TOR-RC. All of these polymers contain phenylphosphine oxide groups in the backbone.
Previous work has shown in both ground based [2] [3] [4] [5] and space flight [6, 7] exposure experiments that placing phenylphosphine oxide groups into the backbone of organic polymers provides the polymers with a significant increase in their resistance to erosion by AO. Other advantages of this approach are that relatively low amounts of phosphorus are required (∼5 wt% or less) to improve AO resistance and the incorporation of phosphorus in the form of phenylphosphine oxide groups does not lower the glass transition temperature (T g ) or Young's modulus of the base polymer.
During this short-term LEO flight exposure experiment, the organic polymeric materials were primarily affected by AO. Other parameters that can affect organic polymeric materials such as ultraviolet radiation (UV), vacuum, thermal cycling, particulate radiation and micrometeoroids and debris become increasingly important for long-term LEO exposures. AO is known from previous space flight experiments, of both short and long duration, to cause substantial erosion and mass loss of the organic polymers [8] [9] [10] [11] . Certain perfluorinated polymers, such as poly(perfluoropropylene-co-tetrafluoroethylene) (FEP Teflon ® ) have exhibited good resistance to AO in both ground based and space flight exposure experiments. However, simultaneous exposure to AO and UV radiation can dramatically increase the rate of degradation [12, 13] . Coatings of inorganic oxides such as aluminium oxide [14] , silicon oxide [14] , chromium oxide [15] and indium-tin oxide [16] , as well as decaborane-containing polymers [17] , have been shown to protect organic materials from oxygen plasma and/or AO erosion. To provide maximum protection, the coatings need to be ∼500-2000 Å thick, relatively uniform and defect free. Recent results from multi-layer thermal insulation (MLI) blankets retrieved from the Hubble Space Telescope exemplify the unpredictable effects that long-term space-environment exposure can have on polymeric materials [18] [19] [20] [21] [22] [23] [24] [25] [26] .
NASA has had an interest in improving the AO resistance of polymeric materials for potential applications on the international space station (ISS) and other LEO based spacecraft. Applications for AO resistant polymers include MLI blanket material (film and thread), externally mounted fabric based structures (softgoods) for storage of tools and equipment for use during extravehicular activities, and tethers for spacecraft and safety tethers for astronauts.
Experimental details

Starting materials
The general synthesis of phenylphosphine oxide-containing poly(arylene ether)s (PPOs) [2] and the poly(arylene ether benzimidazole) [5] utilized in this study have been previously described. Thin films of these two materials were provided by Triton Systems, Incorporated [1]. The COR film was approximately 25 µm (1 mil) thick and the TOR sample consisted of a 25 µm (1 mil) film of Kapton ® HN with a 12.5 µm (0.5 mil) coating of TOR on one side. The TOR side faced the ram direction during the flight exposure experiment. TOR-RC is an experimental polyimide, the chemical structure of which cannot be released for publication at this time. It was prepared from a novel diamine and a commercially available aromatic dianhydride. A film was cast from the amide acid solution and thermally imidized by stage heating for 1 h each at 100, 200 and 250
• C in flowing air. In each case, both the control and flight specimens were cut from the same piece of film. The flight specimens were approximately 2.54 cm wide by 10.2 cm long. The control films were stored in a desiccator and were analysed concurrently with the post-flight specimens. The characterization data determined on the post-flight specimens is relative to that of the control specimens which were stored on Earth for ∼1.5 years.
Flight experiment integration/configuration
Prior to integration, the flight specimens were stored in a clean-room facility under controlled humidity where they were weighed and photographed. The samples were mounted and integrated into the exposure rack in a controlled-humidity, clean-room environment. The exposure rack was mounted onto a support structure in the space shuttle payload bay. The payload bay was oriented towards the velocity vector (ram direction) and the motorized assembly doors were opened for ∼54 h of direct ram AO exposure [27] .
Flight experiment de-integration
Upon returning to Earth, the Orbiter payload bay was purged to establish the desired environment and the payload doors were opened under clean-room conditions. The exposure trays were transported into a Class 100 000 clean room and the flight specimen holders were removed, photographed and sealed in shipping containers and returned to NASA LaRC. The AOE tray was visually inspected and the flight specimens were subsequently removed and weighed under conditions identical to those of the pre-flight weighing. One of the post-flight Kapton ® HN samples was studied in detail using scanning electron microscopy (SEM) and atomic force microscopy (AFM) to determine surface recession. The AO exposure level on ESEM was determined by the mass change on a Kapton ® HN specimen weighed before and after the flight. A recession rate of 3.0 × 10 −24 cm 3 /atom was used for Kapton ® HN exposed to AO. This was then compared with predicted erosion values and those obtained from weight loss data to quantify the AO exposure at 1 × 10 19 atoms cm −2 . This value compared well with mission fluence estimates based on computer models [27] .
Polymer film characterization
AFM was performed on a Nanoscope II instrument (Digital Instrument, Incorporated, Santa Barbara, CA). The samples were rinsed with ethanol and air-dried at room temperature prior to analysis. The AFM was used in the 'contact' mode, the cantilever was silicon nitride and all measurements were performed in air. X-ray photo-electron spectroscopic analyses (XPS) were performed by Kalil Characterization and Consulting on a Perkin-Elmer PHI 5300 spectrometer with a magnesium Kα x-ray source (1253 eV) operated at 15 kV with an emission current of 20 mA. Typical operating pressures were less than 1 × 10 −7 Torr. Analyses were made at a take-off angle of 45
• . The carbon 1s photopeak was set to 285.0 eV for calibration.
Results and discussion
Polymer weight loss/erosion
The chemical structures of the phenylphosphine oxide-containing polymers used in this study are presented in figure 1. The synthesis and effects of oxygen plasma (asher) exposure on COR [2] and TOR [5, 28] have been reported. In addition, these materials were part of the Passive Optical Sample Assembly 1 (POSA 1) flight experiment where samples were mounted to the MIR space station for an eighteen month period and subsequently retrieved [7] . Both COR and TOR exhibited at least an order of magnitude improvement, relative to Kapton ® HN and Teflon ® , in resistance to AO erosion. TOR-RC was designed to incorporate several desirable features into a single polymer; these include low colour (low solar absorptance, (α)), AO and UV resistance and solubility in the imide form (for film processing purposes). This material has not been previously flown on any space flight exposure experiments, but short-term, ground-based exposures to AO and UV gave promising results [29] . The film portion of the AOE exposure tray before and after exposure are presented in figures 2 and 3, respectively. In general, the polymeric film samples that were eroded by LEO AO exhibit a diffuse or frosted appearance that is easily detected by visual examination. However, visual inspection of the LEO AO exposed PPO films revealed no evidence of frosting and the specimens remained transparent. However, the COR sample exhibited some slight yellowing and the TOR on Kapton ® HN sample exhibited a yellow opaque (frosted) area that can be seen in figure 3 . The initial weights and weight losses of the films after LEO AO exposure are presented in table 1. The exposed area of the flight samples was approximately 26 cm 2 . The yellow opaque area on the TOR on Kapton ® HN (see figure 3 ) was the subject of the AFM analyses. It was postulated that this area was not adequately coated with TOR and the Kapton ® HN exhibited AO erosion giving rise to the frosted appearance. A frosted appearance can be indicative of surface erosion and indeed this area exhibited the highest degree of erosion as determined by AFM. The weight losses exhibited by the films ranged from 0.26 to 1.61 mg, 0.21-1.77 wt%. The TOR on Kapton ® HN sample exhibited the highest degree of weight loss. It is likely that most of this weight lost was due to the area on the sample which was not adequately coated with TOR and consequently exhibited more erosion and weight loss. The COR and TOR-RC lost less than 1 wt%. The amount of phosphorus by weight in each film is 6.2, 4.5 and 3.6 wt% for COR, TOR and TOR-RC, respectively. It is important to note that most phenylphosphine oxide-containing polymers do not exhibit linear weight loss rates due to the formation of a phosphate surface layer upon reaction with AO [2] [3] [4] [5] . Initial weight loss occurs until a sufficient surface layer of phosphorus oxide forms on the polymer surface resulting in a significant reduction in the weight loss rate. In comparison, Kapton ® HN and FEP Teflon ® undergo linear weight loss rates during exposure to AO. 
Surface analysis
With the exception of the TOR on Kapton ® HN sample, the phenylphosphine oxide-containing films exhibited no discernible differences between the exposed and control samples by optical microscopy and only minor differences were observed by SEM. However, analyses by AFM indicated that some surface erosion did occur. The yellow opaque area on the TOR on Kapton ® HN sample analyzed by AFM exhibited the highest degree of surface roughening after exposure (figure 4). The COR and TOR-RC samples exhibited similar levels of surface roughening as determined by AFM and shown in figures 5 and 6, respectively. Scanning probe microscopy was used to estimate the thicknesses of the surface oxide layers. All exposed samples showed evidence of surface oxide formation (see section 3.3). The exposed sample of TOR on Kapton ® HN, exhibited a surface oxide layer of approximately 200 nm. The TOR-RC and the COR exposed samples exhibited surface oxide thicknesses of 800 and 1700 nm, respectively. The TOR on Kapton ® HN sample (opaque area) exhibited the thinnest layer of oxide formation perhaps due to the lack of TOR polymer available to participate in phosphorus oxide formation. Presumably, initial AO erosion occurs until a sufficient layer of phosphorus oxide (phosphate-type) is formed on the film surface from the reaction of the oxygen atoms with the phosphorus in the polymers. Once this phosphorus oxide layer forms, the erosion rate is reduced dramatically. Therefore, polymers containing phenylphosphine oxide, and possibly other forms of phosphorus [30, 31] , do not exhibit a linear erosion rate.
X-ray photo-electron spectroscopy
XPS was performed on each film sample (control and exposed) to determine the surface chemistry. A wide-scan XPS spectrum was obtained for each sample to insure that all of the major elements present in the top 5 nm were detected. Narrow-scan XPS spectra were subsequently obtained on each major photopeak detected in the wide-scan spectra and on Control Exposed Figure 5 . AFM line plots of COR before and after exposure. other elements of interest. The carbon, oxygen and phosphorus narrow-scan photopeaks were further curve fitted to determine the number of different types of these elements on the surface. The area under the photopeaks was used to the determine atomic concentrations. The binding energy in electronvolts (eV) and the atomic concentration in percent are listed in table 2 for all of the phosphine oxide-containing films. The ratio of the theoretical and observed atomic concentrations for all PPOs are listed in table 3. Upon examination of the information in these tables several observations are apparent. The carbon content for the control samples is greater than that of their respective exposed specimens. This effect is due to gasification of part of the organic material caused by reaction with AO. In comparing the curve-fitted peaks of carbon for the control and exposed specimens, it is clear that they differ in both position and intensity, indicating that the exposure of these films to AO leads to changes in the carbon functionality on the surface. The oxygen content of the exposed samples is significantly greater than that of the control samples. The exposed films exhibited a higher binding energy for the oxygen, indicating a higher oxidation state. The phosphorus content and the binding energy of the exposed specimens are greater than those of the respective controls.
Small amounts of nitrogen are present in the COR sample, although nitrogen is not a constituent of this material. However, this film was cast from N,N-dimethylacetamide and any residual solvent is the likely source of the nitrogen. All of the films were contaminated with silicon from an unknown source and there did not appear to be any obvious systematic variation between the control and exposed specimens. The exposed films contained silicon with higher binding energies than the control. Since silicon was present in the control samples at concentrations ranging from 0.7-4.2% and is known to react with AO to form SiO x , it may have influenced the behaviour of the LEO AO exposed samples to a minor degree. Two of the samples were contaminated with sulfur from an unknown source. The atomic concentration ratios for elements of interest are presented in table 3. In all cases, the P/C ratio for the control is significantly less than the theoretical ratio. There is no obvious explanation for this. Relative to the controls, the P/C ratio increased after LEO AO exposure, but was still less than the theoretical ratio. In all cases, the O/C ratio was significantly higher in the LEO AO exposed films indicating oxygen uptake or loss of carbon or a combination of both. The observation that both the phosphorus and oxygen concentrations in the LEO AO exposed samples increased, as did their respective binding energies, suggests that a surface layer of phosphorus oxide was formed. This observation is consistent with those from both ground-based [2] [3] [4] [5] and LEO AO [6] [7] exposure data of polymers containing phenylphosphine oxide groups. It is unknown if the amount of AO exposure received in this flight experiment was sufficient enough to fully form the surface oxide layer or if this process was still in progress.
Summary
Thin films of phenylphosphine oxide-containing polymers (arylene ether, benzimidazole and imide) were exposed to LEO AO (∼1×10 19 atoms cm −2 ) aboard a space shuttle flight (STS-85) as part of a flight experiment ESEM. This flight experiment was a cooperative effort between the NASA LaRC and NASDA. The films remained clear after LEO exposure (with the exception of an opaque area on the TOR on Kapton ® HN sample) with no significant reduction in optical transparency. Changes in the surface chemistry of the exposed films indicated the formation of a phosphorus oxide surface layer as observed by XPS analyses. Formation of this surface undoubtedly protected the underlying material from further erosion. Initial erosion due to AO was observed by AFM. Erosion is necessary to allow sufficient reaction of the atomic oxygen with the phosphorus to form an in situ phosphorus oxide protective coating. Ground-based AO exposure experiments have shown that the erosion rate of these materials is nonlinear, thus over longer-term exposures the weight loss should be significantly less than predicted by a linear extrapolation of this short-term AO exposure data. The nonlinear erosion behaviour of the TOR and COR materials was substantiated by their 18 month exposure aboard the MIR space station as part of the POSA-1 flight experiment [7] .
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